Abstract: China has pledged to reduce its carbon intensity defined as carbon dioxide emissions per unit of GDP by 40-45% by 2020 and by 60-65% by 2030 compared to the 2005 level. To fulfill the pledges, China's government has made energy efficiency its de facto climate policy. This article raises the question to what extent energy efficiency will be an efficient mitigation measure for reaching the targets as pledged by China to the UNFCCC. In this context, two issues blur the picture. One is the potential rebound effect, generally causing one percent improvement in energy efficiency to generate less than one percent reduction in energy-related emissions since users adapt to the direct and indirect productivity gains and cost reductions in energy use. Further, there is the impact on energy use in China from interaction with global markets, in which China has emerged as a dominant player. In the present paper, we study the net implications of energy efficiency improvement in China within alternative global climate policy regimes. Our results show that a one percent energy efficiency improvement in China reduces energy use by 0.38-0.59 percent per year depending on alternative international contexts. Hence, policy makers should consider climate policies adopted by the other regions such as carbon trading system when assessing the implications of energy efficiency for energy consumption and climate mitigation. Policy makers should also consider overlapping effects of alternative energy policies, as energy efficiency improvement might have no effect on energy and emission reduction if there is global carbon trade. However, policy makers can expect more reduction in energy use and emissions due to energy efficiency improvement in the new mechanism announced in the Paris Agreement at the COP21.
Introduction
In the wake of the twenty-first session of the Conference of the Parties (COP 21) in Paris in 2015, China has pledged to reduce its carbon intensity defined as carbon dioxide (CO 2 ) emissions per unit of gross domestic product (GDP) by 60-65% by 2030 compared to the 2005 level. Earlier in COP15 in Copenhagen in 2009, China pledged to reduce its carbon intensity by 40-45% by 2020 compared to the 2005 level. To achieve the targets on carbon intensity, energy efficiency improvement, among other measures, is recommended to be implemented with high priority [1] [2] [3] [4] .
This recommendation follows the conventional wisdom that efficient use of energy would result in net reduction in energy consumption. In general, however, a one percent energy efficiency improvement will lead to less than one percent energy use at national level, i.e. the expected decrease in energy use is to some extent -taken back‖ as energy tends to become cheaper with efficient use. These take-back effects are called rebound effects in the literature and have been debated for decades [5, 6] . Although take-back effects have dominated in the rebound literature, super-conservation could also happen, i.e., energy use might be decreasing at a higher rate than the energy efficiency is improving [7, 8] .
The response of users as well as producers to improvement in energy efficiency determines the outcome, and there is reason to question if energy efficiency improvement in China really leads to substantial decreases in energy consumption and emissions from fossil fuels in China and the world. China has a strong record in energy efficiency improvement, showing up in the reduction of energy intensity by 47 percent from 1990 to 2005 and the potential for further reductions is still considered to be huge, as energy intensity is 3-4 times higher than in the US. Hence, in climate policy context, the faith in China's energy intensity is considerable, but the issue at stake is to what extent China uses measures that are able to reach this target.
Previous studies have shown that the energy efficiency improvement has an economy-wide effect on economic activities, market supply and demand, and across regions [8] . To consider the comprehensive effect, econometric and decomposition models are not plausible as they generally cover only part of the effect under strict assumptions as other things being equal. Hence, we adopt a computable general equilibrium (CGE) model for this study. A CGE model provides a consistent framework to take into account the non-linear forward and backward interlinks between economic activities under various market and resource constraints. To construct such a consistent framework, a CGE model has to involve considerable assumptions to overcome various barriers such as data shortage, uncertain market supply and demand, and imperfect projections of future pathways. This implies that the simulation results of a CGE model may be far from the reality and can only be understood as illustrations for possible cases.
A global CGE model with China as one of the regions is suitable to study this question. First, effects of energy efficiency improvement are not restricted to a small part of an economy. It starts from pure exogenous engineering or practical efficiency improvement and then the effects spread to the whole economy, affecting prices and economic activities like production and consumption of goods and services. A CGE model can capture these economy-wide effects of the energy efficiency improvement. Such effects are typically not taken into account as a result of energy efficiency improvement in structural decomposition analysis [4, 9] . Second, a global model is appropriate since China and the global economy are highly integrated. China has overtaken Germany as the world's number one exporter by 2009 and total value of its export and import accounts for over 40 percent of GDP in 2014. It indicates the importance of the external world for the Chinese economy and vice versa. The effects of any policy change in China may strongly depend on the external economic environment. A CGE model limiting the focus to the Chinese economy only may not be suitable any more.
To the best of our knowledge, the effects of energy efficiency improvement in China have not been studied by using a global CGE model. Several CGE models focusing on China alone have been developed to study various questions, e.g., the effects of a tax on carbon emissions in China [10] [11] [12] [13] , China's tariff reductions and WTO accession [14] , mid-long term energy intensity trends [15] , effects of a coal cleaning project [16] , the economic impact of different Chinese climate policy options [17] , and the effect of energy end-use efficiency improvement on energy use and CO 2 emissions [18] .
In the present paper, we apply a global CGE model to explore the implications of energy efficiency improvement in China on China's CO 2 emissions, economic growth and global CO 2 emissions. We look at the effect of an additional one percent improvement in energy efficiency on Chinese and global emissions and question if the effect of the improvement in energy efficiency in China is sensitive to the global climate policy regimes. Since China is highly connected to the external world, the climate policy adopted by other countries may enhance or limit the final effects of improvement in energy efficiency in China. By considering climate policy adopted by other key regions such as United States, European Union, and India, we can examine the differences between effects of energy efficiency improvement in China within alternative external climate policy regimes.
The paper is organized as follows. In Section 2, we introduce the global CGE model applied in the analysis and present scenarios corresponding to alternative global climate policy regimes and the design of energy efficiency improvement in these scenarios. Section 3 reports and discusses the simulation results. The last section summarizes the paper.
Materials and Methods

The GRACE model
The global CGE model applied in the paper is built upon the GRACE model developed at CICERO [19, 20] . GRACE stands for the Global Responses to Anthropogenic Change in the Environment. The model has been applied to studies on climate impact, adaptation, mitigation, and related policy analysis [21] [22] [23] [24] [25] [26] we consider only CO 2 emissions from fossil fuels combustion from an auxiliary database provided by GTAP [28] . In this context, the definition of non-fossil fuels refers to non-fossil primary energy for primary electricity production only. This is consistent with the way China calculates the non-fossil fuels share of total primary energy consumption [29] . The world is divided into 8 regions: United States, Canada, European Union, Japan, China, India, Russia and the Rest of the World (ROW). The first seven regions are considered as the key players in global climate policy decisions. The depiction of each region's economy includes activities of 15 aggregated production sectors, which are listed in Glomsrød, Wei and Alfsen [30, Table 3 ]. All sectors except electricity produce only one composite good (or service) by only one technology. The electricity is generated by four technologies: coal-fueled, oil-fueled, gas-fueled, and non-fossil technologies such as hydropower, nuclear power, solar power, wind power, and bioenergy power combined to the non-fossil alternative.
In the static part of the model, i.e. within each period, the total production factors, i.e., labor, capital and natural resources, are supplied exogenously. Labor can be allocated freely among production activities within a region. Capital and natural resources are activity-specific and cannot be reallocated among sectors within the period. The production technology follows the one described in Rive [25] except the electricity production, which is a nested CES function dealing explicitly with generation activities (GEN) and transmission, distribution, and network overhead activities (TD). The data are calibrated to make input and output values for TD and each GEN technology consistent with the GTAP data on the electricity sector. This treatment of electricity production follows the method applied by Sue Wing [31] and a detail description can be found in Rive and Mideksa [32] .
As mentioned above, the international trade plays a considerable role in the Chinese economy and the international trade flows are specified as follows. Trade is modeled as bilateral with substitution among those regions that are competing to enter the Chinese market. Import of a specific good from different regions is combined into an import aggregate, which produces a single Armington composite good after combining with the same good produced within China. The combinations are modeled by CES functions. The substitution elasticities are based on those in the Massachusetts Institute of Technology (MIT) emissions prediction and policy analysis (EPPA) model [33] . Substitution between bilateral imports of the same good and between the domestic varieties and aggregate imports is illustrated in Figure 1 . Exceptions are made for four energy sectors: (a) refined oil (REF, σ d,I = 6), (b) electricity (ELC, σ d,I = 0.5; σ ir = 0.3), (c) gas (GAS, σ ir = 4) and (d) coal (COL, σ ir = 4). We note that assumed substitution elasticities can have considerable effects on CGE modeling results. Jacoby, et al. [34] found that it was the single parameter which made the largest impact to results in the EPPA model. Sorrell [35] also questions the validity of assumed elasticities in CGE models. However, since our focus in this paper is to study the relative impacts of different efficiency policy scenarios, we do not pursue the area of substitution elasticities further.
From one period to another, economic growth is mainly driven by an exogenous choice of savings, by a fixed share of total periodical income in each region. All savings are collected by a virtual -global bank‖, which decides in which region to invest. More investments are allocated to regions with high returns to capital, but reallocation is subject to elasticities of transformation. The return to capital is leveled out across regions over time, and equalized in the end. All investments are transformed to capital available for the next period.
Apart from the savings and investments, economic growth can also be attributed to population growth, a change in the availability of natural resources and technological change. The model assumes full utilization of all available resources within each region, meaning that primary production factors like labor and natural resources are not reallocated across regions. Total supply of labor by regions is updated proportionally according to the most recent medium-fertility projections contained in the United Nations Population Division report [36] .
Figure 1. Armington aggregation in international trade.
Another driver of economic growth is technological advance. After primary factors and specific technology changes have been considered, the technologies in production sectors and for end users are updated exogenously to project a plausible economic growth path in baseline scenario of the global economy, which is approximately the same as the BAU case in World Energy Outlook 2009 [37] . The rates of technological improvements are assumed the same among alternative scenarios.
Income to a region includes income shares of the remuneration to the primary factors of production (labor, capital and natural resources) and direct and indirect taxes collected by the regional government. Revenue from trade in carbon offsets is harvested by capital owners in the trading industries and allocated to consumption or savings in line with return to capital. Except for the returns to capital, the income is collected directly by a virtual regional government. The returns to capital are first collected by a virtual -global trust‖, who returns it to the regional manager according to the share of regional capital stocks at the beginning of each period. Hence, the regional manager holds all the income to the region. For further details of the model, see [19, 25] .
Scenarios
To explore the capacity of energy efficiency improvements as a measure for climate mitigation in China, additional energy efficiency is implemented in three scenarios: Business as usual (BAU), the Copenhagen Accord (SN1), and the International carbon trade (SN2) scenarios. These three scenarios BAU, SN1 and SN2 represent three different international contexts.
The The Copenhagen Accord scenario (SN1) reflects a situation where no binding international agreement is reached, but major economies and emitters follow their own independent climate policies to fulfill their pledges relating to the Copenhagen Accord. The basis for these uncoordinated efforts is the shared understanding of the climate change issues and need for action. In this scenario, the European Union, the United States and China behave as leaders and implement their voluntary commitments to the UNFCCC. India, Japan, Canada, and Russia follow up, accepting the leaders' actions to be sufficient basis for their conditional commitments as stated in their pledges [38] . The Rest of the World is assumed to keep the emissions at the same level as in the BAU scenario. All the policy measures assumed in SN1 are summarized in Glomsrød, Wei and Alfsen [30, Table 2 ]. The international carbon trade scenario (SN2) is the most ambitious scenario we considered. In this scenario, all regions participate in international carbon trade.
In the two scenarios SN1 and SN2 with global climate policies, we assume that all policy measures are adopted from 2010. Although both policy scenarios are not realistic, they allow us to explore whether the external climate policy context can lead to considerable differences on the effectiveness of the energy efficiency improvement for reduction in energy use and energy-related carbon emissions. Below we outline in more detail the characteristics of these two policy scenarios. [38] . For the Rest of the World, we assume that emissions do not exceed the level in the BAU scenario.
The international carbon trade scenario (SN2)
In this scenario, we assume that an international carbon market is operative and that all the regions participate. Carbon emissions allowances can be traded globally and the global carbon market clears to produce an equilibrium carbon price. Hence, from an efficiency point of view this is a best choice scenario. The initial carbon allowances owned by regions are assumed the same as the regional emissions level in the Copenhagen Accord as depicted by scenario SN1. No other regional target or restriction to trade of allowances is in place.
Energy efficiency improvement in the scenarios
To consider the effect of an additional energy efficiency improvement in China, we assume that the energy efficiency in 2010 is improved by one percent for all sectors in China in all the three scenarios. The improved energy efficiency in 2010 shift the energy efficiency path upwards by one percent in the following years until 2020. The efficiency improvement implies that all producers and consumers use less energy than before to produce and consume one unit product, respectively. For each scenario, we identify the effect of the additional energy efficiency improvement by calculating the deviations of key variables such as energy use and CO 2 emissions when the additional improvement in energy efficiency is implemented from that when the additional improvement in energy efficiency is not in place.
In a globalized economy, the rebound effect of improvement in energy efficiency is related to preferences of consumers, production technology and policies worldwide. The three scenarios depict different frameworks for trade opportunities and thus different conditions for rebound effects. We compare the effect of increasing energy efficiency by one percent for China from 2010 across the three scenarios. At the outset in the BAU scenario, rates of energy efficiency improvements are based on assessments internationally by McKinsey [39, 40] . The rates for China varies between 0.7 percent per year for electricity production based on coal to 0.9 for transportation and 1.4 percent for steel and cement production.
Notice that we assume no cost associated with the additional energy efficiency improvement. The energy intensity of the Chinese economy is particularly high, and the potential for reduction at low cost is supposed to be substantial. As the costs are very low and even resembles win-win opportunities, zero costs might be a reasonable proxy to the real situation where at least some transaction costs are likely to be involved. Also, notice that the BAU scenario can be taken a special case of a scenario generated from a single regional model where only China takes action on energy efficiency improvement.
In all three scenarios, the additional improvement in energy efficiency improves efficiency of the Chinese economy. The ability to compete internationally will be strengthened and the export will increase. GDP will increase and tend to modify the reduction of energy demand due to cost reductions associated with the additional improvement in energy efficiency. So far, the mechanism is the same for all three scenarios. However, when it comes to repercussions through the world market the conditions differ across scenarios.
The Copenhagen Accord Scenario (SN1) settles with uneven mitigation costs across regions and thus differ in costs of energy use. The effect of additional improvement in energy efficiency in China via international trade will thus depend on whether the most important buyers of Chinese export goods have high or low ambitions in climate policy. Terms of trade effect for China will generally improve its position in global markets, but more so towards regions with high climate ambitions and high mitigation costs. In this context, it is useful that the model GRACE tracks bilateral trade and depicts the trade implications of the different climate policy regimes closely. In SN1, due to climate mitigation at a global level and associated reduction in fossil fuel consumption, the price of energy in global markets will tend to be lower than in BAU. The additional improvement in energy efficiency can be expected to lead to less cost reduction and growth stimulus than in BAU, i.e. more reduced energy use and smaller rebound associated with the additional improvement in energy efficiency.
In the global carbon trade scenario (SN2), the user cost of fossil fuel is better harmonized among regions. The additional improvement in energy efficiency will stimulate China's supply of allowances and lower the equilibrium price of allowances in the global market. Hence, improvement in energy efficiency will undermine China's strong position in the trade of carbon offsets. However, the global economy will be less constrained than in SN1, due to a more cost-efficient international mitigation regime. Higher economic growth worldwide will enhance export from China, i.e. from a particular energy intensive economy. However, the production of goods and services in China is competing domestically with the efforts to shrink production and associated energy use to export carbon offsets. China and other exporters will have to find a best balance between export of goods and of allowances. The carbon price (SN2) is clearing the international market for allowances in the global carbon market scenario. The price on allowances is increasing steadily up to 13.4 USD per ton CO 2 in 2020. We may compare this CO 2 price with the regional marginal cost of carbon emissions in SN1 scenario. For example, by 2020, the European Union has a marginal cost of 25 USD per ton CO 2 and the United States has 20 USD per ton CO 2 in SN1.
Results and Discussion
Emissions in the scenarios
In the BAU scenario, there is no carbon emissions constraint and implicitly the marginal cost of carbon emissions is zero for all regions. The SN1 scenario involves emissions reductions that will incur different mitigation costs to the regions, depending on their ambitions and potential for reductions. Some regions, particularly China, have lower mitigation costs than others, and benefit from improved competition in the global market. In SN2 the obligation to reduce global emissions by imposing a specific regional allocation of targets is removed, hence global costs of mitigation are expected to be lowered, and GDP growth higher than in SN1. Low mitigation cost regions like China will export allowances and harvest a scarcity rent as if a new and valuable resource became available and could be turned into export revenue. Countries importing allowances would on the other hand face an additional tax on their fossil fuel use, but the cost might be lower than the cost of carbon under the Copenhagen Accord scenario as the whole world is included in the trading scheme and supply of offsets might be higher than in SN1. For countries exporting allowances the increasing inflow of export revenue will lead to higher real wage level, thus affect the terms of trade by favoring imports and punishing exports. In the Copenhagen Accord scenario (SN1), the GDP of China is increasing, however, the national income (GNI) including the carbon premium is decreasing. When looking at the composition of the GNI it turns out that return to natural capital (resources) like coal, oil and gas is somewhat reduced, and return to produced capital owned by Chinese is falling as well. The rise in wage income and taxes are not large enough to compensate for this, and the GNI is declining. The export of China is falling initially as other major regions introduce constraints in terms of carbon taxes. Demand in the global market is reduced, and so is demand for Chinese products although the relative price of China's export goods to world market prices is reduced. However, the volume of demand reduction worldwide dominates over the beneficial price effect. Around 2015, however, the decline is turning into export growth as the price gap in China's favor between Chinese and foreign products increases due to tightening climate policy regimes in the other major economies. European Union with the highest ambitions adds significantly to this by increasing the share of allowances that is auctioned from 20 percent in 2013 to 70 percent by 2020. In the case of international carbon trade (SN2), GDP falls slightly below BAU, and GNI is falling more markedly than in SN1. Return to capital improves somewhat compared with in SN1, but is still declining, as is also the rent on natural capital (fossil fuels). The carbon premium is increasing rapidly as economic activity level is squeezed to allow for sale of carbon allowances, but this cannot prevent the GNI from falling. The wage income is falling. Hence, the income distribution is not improving under international carbon trade as it is in Copenhagen Accord scenario SN1. In the model, the carbon premium is entirely channeled to savings and enters the global trust, contributing to increased investments not only in China, but also in the rest of the world. Higher carbon premium thus means higher saving rate at national level, since there is a fixed saving rate for other income components.
The option to trade carbon improves efficiency internationally by leveling out and reducing the carbon mitigation cost by incorporating all countries in carbon trade. A downside for China is that the price of carbon is lowered, but the other hand the global economy is expanding and net export is higher than in BAU. Still, an international carbon trade regime represents a less attractive scenario for China than the Copenhagen Accord in terms of GDP, GNI and income distribution.
Effects of an additional energy efficiency improvement
In SN1, most countries other than China are experiencing stricter production constraints due to stricter carbon emission targets than in BAU. Their demand for fossil fuels is decreasing and prices on coal, oil and gas are falling, leading China to import more and export less. Improvement in energy efficiency decreases demand for fossil fuels in China as a first order effect of energy efficiency improvement, but the economic cost reductions encourage some take-back effects in particular as the economy adapts to the lower energy prices. As shown in Figure 4 , energy use initially falls by around 0.45 percent and tends to stay at this level the rest of the period. Emissions of CO 2 in China are reduced initially to about the same extent as energy use. Over time, other countries taking on emissions reductions as pledged in the Copenhagen Accord face stricter and stricter regulations, and energy intensive industries in China takes the opportunity to increase export of the products for which other countries are most seriously constrained by climate policies. The rebound effect of improvement in energy efficiency is getting stronger over time since the cost reductions in the wake of improvement in energy efficiency support precisely the energy intensive products that face an increasing international demand.
The additional energy efficiency improvement in China has modest effect on energy consumed by regions other than China. In 2020, the other regions reduce their energy use by only 0.001 percent in BAU and 0.01 percent in the Copenhagen Accord scenario (SN1). However, in the global carbon trade scenario (SN2), the other regions increase their energy use by 0.02 percent although global emissions keep the same level as that without the additional energy efficiency. By contrast, in all the three scenarios, the other regions increase their CO 2 emissions slightly, indicating certain carbon leakage effect on the other regions of the additional energy efficiency in China. The effect on global CO 2 emissions is negative. In BAU, the one percent additional improvement in energy efficiency in China leads to modest reduction in global emissions by 0.065 percent at the beginning in 2010 ( Figure 5 ). The effect is diminishing until 0.052 percent in 2020. By contrast, the effect in the Copenhagen Accord scenario (SN1) is stronger, leading to 0.075 percent reduction in global emissions in the beginning. Over time, the effect is enhancing until 0.081 percent reduction in global emissions in 2020. In the case of international trade, there is no effect on global emissions due to the global emission cap, indicating 100 percent rebound effect on global emissions of the additional improvement in China's energy efficiency. In SN2 representing the international carbon trade scenario, the effect of improvement in energy efficiency (0.38) is lower than in SN1 initially, but increases to 0.52 by 2020. Thus, the unwelcomed rebound effect is decreasing over time. In this case, China reduces energy consumption more than other regions in order to sell allowances. Fossil fuel use is reduced globally, the price of fossil fuel is falling and the cost saving associated with the additional improvement in energy efficiency is reduced over time, hence the rebound is lower and the effect of improvement in energy efficiency is higher. With respect to CO 2 emissions, China's CO 2 emissions are reduced initially by 0.29 percent, increasing to 0.35 in 2020, following the same pattern as the rebound for energy use. Figure 6 shows 0.38-0.53 percent reduction in energy use in the three scenarios.
Cautions and limitations
In this study, we have adopted a global CGE model to illustrate how external climate policy environment can affect the expected impact of an additional improvement in energy efficiency in China. Similar to other studies based on CGE models, we should interpret these numerical results by caution as considerable realistic conditions have been abstracted from the model. For example, the model assumes perfect market for all sectors and the products classified to a sector are assumed to be perfect substitutes in domestic market. In this recursive dynamic model, investors are assumed to be myopic without considering long-term returns to capital. The GTAP database used to calibration of parameters may ignore certain important aspects. However, CGE Models are still useful in economic policy analysis [41] .
Conclusion
In this study, we have designed three scenarios representing alternative international climate policy context: no climate policy (BAU), Independent regional carbon markets (SN1), and a global carbon market (SN2). For each scenario, we identify the effect of an additional energy efficiency improvement by introducing a one percent energy efficiency gain in each of the scenarios. Our study shows that a one percent energy efficiency improvement reduces energy use by 0.38-0.59 percent per year for all the three scenarios representing alternative international contexts. Hence, the rebound effect is considerable and about the half of the rate of energy efficiency improvement.
The rebound effect is, however, sensitive to structural changes in global markets associated with various climate policy regimes. The initial rebound effect is highest under international carbon trade, but falls rapidly, and is the lowest in all three scenarios by 2020. Energy efficiency improvement stimulates GDP from the beginning although the effect is diminishing over time, in about the same rate in all scenarios. Thus, the major difference among the scenarios is how they shift emphasis between industries due to trade effects from climate policies. Energy efficiency improvement under international carbon trade increases GDP, gross national income and consumption. Hence, China benefits more economically from energy efficiency improvement in this case than in BAU and the Copenhagen Accord scenario (SN1). Even though, China may suffer losses in national income and consumption due to the global emission constraints if the effects of the energy efficiency improvement are not sufficiently strong.
Our study has important policy implications. First of all, the rebound effect is considerable across scenarios and it is of major importance that policy makers consider this when assessing measures for climate mitigation. Without considering the rebound effect, the target on energy mix and climate mitigation may not be achieved as expected by the policy makers. Hence, given the potential energy efficiency improvement, policy makers have to enhance the implementation of other energy policies such as renewable energy development and national carbon market.
Second, our study shows that under the global carbon trade context, the energy efficiency improvement could not reduce emissions more than the targeted emission level in the global carbon market. This may imply that in this case, we cannot rely on the energy efficiency improvement in China to control global emissions although domestic emissions in China may be reduced. Hence, policy makers have to distinguish regional contributions from global contributions to emission reduction. This also reminds policy makers consider overlapped effects of alternative energy policies.
Third, the energy efficiency policy in China may reduce energy use and energy-related emissions more in the new mechanism announced in the Paris Agreement in the COP21. The Paris agreement confirms the bottom-up mechanism to control emissions to review every five year the intended nationally determined contributions (INDCs) pledged by the Parties to UNFCCC. The mechanism of INDCs is similar to our Copenhagen Accord scenario where the energy efficiency improvement in China can contribute more to energy and emission reduction than in BAU. Hence, policy makers may count more on the energy efficiency policy in the new INDC mechanism.
